This paper applies the Life Cycle Assessment (LCA) as an assessment tool to quantify the environmental impacts associated with electricity generation by internal combustion engines. Steps, resources and/or supplies that have the greatest impacts during the life cycle of electricity generation are identified to contribute with measures of cleaner production in companies with similar power generation. The goal of this study is to evaluate the environmental impacts associated with the production of 1552 kWh of electricity by gas-HFO internal combustion engines, considering a scenario that responds to use of lubricating oil, oily water treatment, collection and transportation of sludge. The study of additives and contaminants from lubricating oil is included, taking into account that it is a complex task for life cycle inventory considering limitations to get data. Arising from the use of the program SimaPro we get that the greatest impact are the lubricating oil use and transport on respiration of inorganic products and the use of fossil fuels. Most environmental impacts are concentrated in the use of lubricating oil and transportation.
Introduction
The gas power plants are designed for optimal operation in a wide variety of decentralized energy production, among these, stationary plants. The motors are designed for continuous operation mode, natural gas or dual fuel gas and High Fuel Oil.
The company sets its own environmental policy and operates in accordance with the principles of sustainable development, however, and industrial emissions and waste from maintenance of the engines do not express the absolute truth of the environmental impacts [1] .
The Life Cycle Assessment (LCA) applied at a power plant may have several benefits; its use for assessing the environmental impact of electricity generation may help to compare types of lubricants and fuels in engines and to assess lube and wastes impact.
In conventional thermal energy conversion in power plants, impacts connected to constructing the power plant or manufacturing the equipment are not important for the overall environmental impact of the electricity produced. A large portion of the environmental impact is connected to the production of electricity [2] .
Primary life cycle inventory of the different types of lubricating oil additives, obtained from lab chemical and physical analysis is a good tool for assessing the environmental impact of lubricants and wastes. The novelty of this study lies on the information provided by the lubricating oil composition, sludge and waste water for further application of LCA methodology with extended boundaries.
In researching the environmental impact of lubricants, Wissol Autoexpress [3] considered the end of the lubricants life cycle, as the key stage for identifying the problems that may occur during the handling and disposal of used oil-based lubricants. For the LCA of the studied product, the information of the energy used and emissions generated by the different agents is required, which implies in most cases working with data from different and not homogenized sources [4] .
In this context, LCA methodology was applied to examine the role of lubricating oil on electricity generation and the effect of considering its consumption in process equipments. The present study aimed to contribute to a better understanding of the influence of material and processes involved at a power plant in the results of LCA.
Based on potential impacts on human health and the environment, re-refining and distillation are significantly better practices than burning used oil as fuel [5] . From the environmental standpoint [6] , the collection and storage of used lubricating oil (with subsequent regeneration of the lubricating oil by catalytic hydrogenation) reduces the environmental deterioration as it reduces the effects of incineration (air emissions) of used lubricating oil and uncontrolled discharge (water, soil contamination and groundwater).
The functional processes are also a problem for the LCA because not all functional flows are usually part of the same product system. Thus, a multifunctional process is part of the studied production system and of other systems too. The challenge is to allocate the environmental impacts of this process to the different multifunctional product systems, i.e. to the different functional flows [7] . The most frequently used methods for solving this problem are subdivision, system expansion, physical and economic partition and replacement. Several authors have argued that replacement is conceptually equivalent to system expansion [8] [9] .
The energy in the form of electricity is an important input into many industrial processes, and as there are several alternatives for energy production, many LCAs on electricity production have been carried out at numerous institutes and companies throughout the world [10] . This research focuses on lubricating oil subsystem and the generated electricity as the output product to technosphere. Used lubricating oil subsystem is not considered.
On the other hand, taking into consideration the LCA benefits related with the incorporation of different types of lubricating oil additives, it was necessary to review some important theoretical views on this topic. The additives are substances formulated to enhance antifriction properties, chemical and physical properties of base oils (mineral, synthetic, vegetable or animal) which result in improved performance of the lubricant and so the equipment life extension. The amount of additives may be up to 30% [11] .
The Raimondi [12] integrates and expands the previous LCAs of oil-based lubricants and also examines the additives contribution of a fully formulated lubricant to the environmental impact. In this case, the additive contribution to the life cycle impacts of commercial lubricating oil was found to be nearly 35% to global warming. The main sources of data for the LCA were the Boustead Model [13] , Ecoinvent [14] , European Reference Life Cycle Database-ELCD [15] and the report IFEU/GEIR [16] . The last one reports that the composition of lubricating oil can be 80% of oil-based lubricants (mineral/synthetic), 2% of detergents, 6% dispersants, 9% viscosity modifiers (olefin copolymers), 1% antioxidant (Zinc Dialkyl Dithiophosphates/Phenols) and 2% antiwear (Zinc Dialkyl Dithiophosphates). LCA models proposed phases include extraction, transportation and production to the output of the refinery/factory. The allocation criterion for the outputs is mass. The main conclusion is that in modern lubricants, additives contribution in terms of environmental impact can be significantly high and therefore should not be excluded. Ekman and Börjesson [17] admit that in applications where the amount of additives can be up to 30%, the environmental consequences are significant and ultimately recommend to include additives in future LCAs.
Since new components of lubricating oils blended with conventional additives are emerging there are not enough data for the implementation of LCA. On the other hand, manufacturers of additives and lubricants are extremely conservative and rarely are willing to provide data and information. This paper is structured as follows. Firstly a critical analysis of the literature on various aspects related to the application of LCA is given. Then, the elements to be taken into account to define the goal and scope of the study and life cycle inventory for the environmental impact assessment are suggested, as well as a discussion on the availability and understanding of the data and the influence of additives on LCA for future research of alternative scenarios in the life cycle of used lubricating oils and oily wastes.
The goal of this study was to assess the environmental impacts of electricity generation by natural gas-High Fuel Oil internal combustion engines, considering a scenario that responds to use of lubricating oil, oily water treatment, collection and transportation of sludge. Also the environmental profile of electricity generation system is examined using Eco-indicator 99 method to obtain the total contribution of the process for each one of the impacts categories in correspondence with the study conditions.
Materials and Methods
The reason for analyzing the LCA of electricity generation is to provide the power plant with a systematic framework to identify, quantify, interpret and evaluate the environmental impacts of electricity generation from internal combustion engines.
Goals and Scope Definition
The goal of this study is to assess the environmental impacts associated with the production of 1552 kWh of electricity by gas-HFO internal combustion engines, considering a scenario that responds to the use of lubricating oils, oily water treatment, collection and transportation of sludge.
As an analytical tool, LCA facilitates the information for decision-making and identification of opportunities for improvement. The analysis, evaluation and proposals for the application of LCA to lubricating oils are in correspondence with the standards of ISO 14040, 14041, ISO 14042, and ISO 14043.
Function and Description of the Power Plant and the Lubricating Oil System
The power plant has an installed capacity (total power of generation) of 85,380 kW, composed of 5 groups of Wärtsilä generators with an engine gas/HFO cycle of medium rotation, each of 17,076 kW continuous power at ISO conditions, at 514 rpm. The gas is carried directly by pipes to the engine hall from the supplier. The plant operates with a power demand of 63 MW, delivering 525,600 MWh/y of electric power, and consumes 11 310 MWh/year during 8700 h/year and a specific fuel consumption of 209 g/kWh. For engine lubrication the plant uses Marbrax CCD 430 mineral oil. due to separation of sludge, burning in the engine jacket, saturation of the filter elements and other small losses. The process water is supplied from a well. The lubricating oil is supplied from a storage tank of 60 m³. In case of maintenance lubricating oil becomes reusable, and it is pumped to a service tank of 16 m 3 . A 30 m 3 tank receives used motor lubricating oil. When the tank is full it is discharged into tank trucks of environmental companies. Figure 2 shows the oily water system. Oily water and sludge generated in the plant are stored in a box and separated into oily water and sludge. The water is sent to a processing unit by dissolved air flotation system. The treated water suitably mixed with other flows and effluents is discharged to the environment. Sludge and HFO (fuel) averaged 1000 kg/d are collected in a tank of 55 m 3 and transported to a collector enterprise.
Setting System Boundaries
The system boundaries for the case study are in correspondence with those shown in Figure 3 by dashed lines. Multiple scenarios for lubricating oil treatment can be defined, and therefore the boundaries for the application of LCA may be different depending on the quality of data available for each option. The system, in general, starts with the use of lubricating oil in the internal combustion engines. In the setting boundaries stage, electricity generation is defined as the main system and oil cleaning in the separation unit and the oily water treatment is considered a subsystem.
Therefore it is necessary to know the operations of the lubricating system and materials and energy flow between them. For doing this the process tree is designed and it is represented in Figure 3 , which shows the life cycle model for electricity generation used in a power plant.
Allocation Rule of Environmental Loads and Main Assumptions
In the lubrication stage an environmental load distribution is applied as function of mass percent that represents each output stream of the stage regarding to the total. The environmental load allocation is performed in order to evaluate the actual impact of the stream involved in the analysis; in the study the allocation criterion is mass. The main product is the electric energy. The avoided product is considered the mixture sludge/HFO by replacing the use of Diesel in combustion at industrial plants.
The adopted assumptions during the study are listed below: -It has been established as a functional unit an amount of 1512 MWh/day.
-Sludge/HFO is considered avoided products, since they avoid the use of equivalent amounts of Diesel for combustion in industrial plants.
-Exhaust gases are excluded.
-Production of lubricating oil, maintenance and solid waste are not considered, but these may be included in other studies.
-Systematic chemical analyses for evaluating the oil type and concentration of additives in the databases are carried out.
-Mass balance results for the lubricating and oily water treatment system are used.
-Impact assessment is carried out without including consumed electricity at lube oil separators, since electricity is produced by the power plant.
-Transportation of 20 tons of sludge/HFO in tanker trucks, traveling 40 Km every 20 days.
Life Cycle Inventory
In the lubricating and oily water system, primary data were taken from operating reports, literature and specialists' criteria. It has been considered that the data meet the quality indicators for a proper interpretation of LCA results and has been kept in mind: 1) validity of the data (temporary), which correspond to the same year in implementing the LCA; 2) geographical coverage, where the data correspond to an operating plant; 3) accuracy, since the work has been done with the extreme value when the data match a range of values and 4) representativeness, since process-specific database are used, database and referenced literature are also used, considered a mature and modern technology.
Life Cycle Impact Assessment
Methodology of Eco-indicator 99 for the assessment of environmental impacts is applied, using the SimaPro 6.0 software. 11 impact categories considered in the Eco-indicator 99 are assessed with weighting based on the hierarchical cultural perspective (Eco-indicator 99 (H) V2.1/Europe EI 99 H/H).
These categories are related with three damage categories (human health, ecosystem quality and resources) [18] - [22] . Materials, resources and products used in the assessment were taken from Ecoinvent database, developed by Ecoinvent Center, Swizerland.
Study Interpretation
The whole system analysis, weak points and better alternatives were determined from the environmental point of view. As results of the evaluation, the final contribution of the inventory data, the network process, environmental profiles in impact and damage categories in tabular and graphical form were obtained, allowing determining the stages and most striking system.
Results and Discussion

Analysis of Life Cycle Inventory
In correspondence with SimaPro software, the categories for the inventory data are:
-Inputs from the Ecosphere (natural resources).
-Inputs from Technosphere (products, resources, human activity).
-Outputs to Technosphere (products, by-products).
-Ecosphera Emissions (emissions). Table 1 shows the results of physical and chemical analyses to the treated water discharged into the water/soil [23] , where the most significant value is the concentration of oils and fats. 7 September 2014 | Volume 1 | e765 
Lubricating Oil Additives
Due to the absence of specialized literature on the topic and the low availability of primary data, a simplified methodology is adopted [12] to carry out the LCA considering the impact of the additives in the lubricant and wastes. It involves: 1) Identification of the category of the additive used in lubricating oil: lubricating oil Marbrax CCD 430 has antioxidant, anti-corrosion, anti-wear, anti-foam, detergent, dispersant, alkaline reserve agent and pour point depressant [24] (LUBRAX, 2011) and additives to 14% [25] ;
2) Selection of a representative additive for each category, which can be taken from physical and chemical analysis results;
3) Identification of the correspondence between the selected additive and the industrial product available in the database Ecoinvent Data V 1.01 [14] . Figure 4 shows the chemical analysis results to the lubricating oil Marbrax CCD 430 using infrared spectrometry with ASTM E2412 FFT version JOAP/Tribolab [26] and Figure 5 shows the physical-chemical analysis results of the lubricating oil using ASTM D6525, atomic emission spectrometry improved by Tribolab, which determines the wear particle concentration (Fe, Cr, Sn, Al, Ni, Cu, Pb, Mo), additives concetration (Ca, Mg, B, Zn, P, Ba) and contaminants concentration (Si, Na, Va). The last one with low variation but of great importance in diagnoses since it can provide information regarding the composition of the waste oil and sludge.
Corresponding to Figures 4, Figure 5 and Table 1 [23], the information provided by FDSPQ [25] and a sludge analysis report (HFO) from Intertek [27] , Table 3 summarizes the main data and assumptions for additives, contaminants and wastes. In this analysis a representative additive for each category of additive and contaminants is adopted, which subsequently allows identifying the chemical in the software database. Table 2 shows the concentrations and the amount of additives and contaminants and also the concentration and amount of oil and grease in wastewater that is discharged into the environment, according to the analysis. Table 3 reports the results of inventory data of all stages according to the inventory categories. The inputs and outputs of process stages were inventoried in correspondence to the mass and energy balances, indexes reported in the literature and previous studies.
Life Cycle Impact Assessment
In this section results for life cycle inventory assessment previously showed are discussed. 
Characterization
In Figure 6 the characterization of the system express the percentages (%) each material represents for impact categories (carcinogenesis, organic compounds respiration, inorganic compounds respiration, climate change, radiation, ozone layer, ecotoxicity, acidification/eutrophication, land use, minerals and use of fossil fuels) without considering electric consumption at lubricating oil separators. The contribution of lubricating oil, considered as an input in the system boundaries established to the LCA is high and the contribution of transport is lower. In the categories of radiation, ozone layer, ecotoxicity and respiration of organics, lubricating oil contributes in more than 90% to the environmental impact. It is logical that the categories with the most impact are ozone layer, radiation, ecotoxicity, and respiration of organics and the use of fossil fuels. Figure 7 without considering electric consumption at lubricating oil separa- tors. It has been analyzed how each impact category is affected for all the materials involved in the electric generation. It is noted again that the biggest impact are the use of lubricating oil and transport on respiration of inorganics as well as the use of fossil fuels. Figure 8 shows the effect in Pt (impact points) that has the lubricating oil of internal combustion engines, transportation and damage avoided by reusing HFO and sludge wastes, on the 11 environmental impact categories. A major influence is on the exhaustion of fossil fuels and respiration of inorganics in lubricating oil and transport.
Weighting Materials weighting is analyzed in
Single Score
Conclusions
This study is a contribution in terms of the particularities to be taken into account in the steps of goal and scope of the study and in the step of life cycle inventory, which is brought to the power plant fundamental characteristics of LCA as an analytical tool for decision-making and the identification of opportunities for improvement. The contribution to the environmental impact by materials indicates that the effect of the use of lubricating oil is minimal.
A reference LCA Model and data for life cycle inventory is apported which can be examened in further studies.
The impact evaluation of electricity generation system by means of Eco-indicator 99 and SimaPro software reported beneficial impacts on the carcinogenesis, radiation, ecotoxicity and land use categories, because of the reduction of emissions to the air, water and land by concept of avoided products.
Most environmental impacts are concentrated in the use of lubricating oil and sludge transportation on respiration of inorganics and the use of fossil fuels. The application of LCA to lubricating oils is not only from the operational point of view. The inclusion of additives in the LCA is a complex task, considering the limitations in information, however additives inventory contributes significantly in identifying chemicals in the waste oil and sludge, which have a marked effect on the environment.
It is recommended for further studies to include Life Cycle Inventory (LCI) data of lubricants in LCAs of products and services.
LCA methodology is a scientifically based tool to assess the environmental impact generated by the use of lubricants in internal combustion engines at power plants.
An EIA (Environmental Impact Analysis) has been made to identify and assess possible environmental impacts associated to electricity generation.
The power plant practices good housekeeping and operating practices including inventory control to reduce the amount of waste.
The power plant does not have significant impacts on the quality and quantity of ground water and the treated effluent is disposed within the permissible limits of regulations into the wastewater drainage system. This work may be taken as a reference for future developments of LCAs on lubricants, considering the inclusion of additives.
The study allows comparing the environmental impacts of processes and materials involved in similar power plants.
